The optical constants in the ir from X2.5 gum to 40 mm (4000-250 cm-') of dry natural aerosol substances and of sea salt are presented. The aerosol substances were obtained from rain and snow water: dust and soot by sedimentation, and water soluble salts by evaporation. The spectra of the absorption index n' were derived from our published transmittance measurements of potassium bromide disks. The real part n of the refractive index was calculated from the specular reflectance at near normal incidence of disks of pure aerosol substance. The observed spectral features are being related to chemical constituents, notably sulfates and alcohol soluble organics. Optical constants of composite and wet aerosol are discussed. A simple model confirms the measured transmission of a coarse dry powder of water solubles and shows that the extinction by natural aerosol should have a minimum near 8 um and a strong maximum near 94m.
Introduction
Up to now, calculations of scattering and absorption of ir radiation by atmospheric aerosol had to be made by assuming water hazel' or particles of known optical properties like quartz' or carbon, 3 but such substances certainly do not represent normal conditions. Absorption spectra from 2.5 Aum to 40 m of airborne desert dust with indications of ammonium sulfate in the small particle range 4 and of rock minerals 5 have been reported, but refractive indices are not known. Recently absorption and refractive index from 7.5 m to 14 m of aqueous solutions of ammonium sulfate and nitric acid were published. 6 However, they are applicable only to aerosol conditions at relative humidities above 90%. Absorption spectra from 2.5 m to 15 m of dry natural aerosol substances have recently been presented by us. 7 We took advantage of the fact that rainout and washout conveniently collect and concentrate airborne aerosol. The aerosol substances were mainly water soluble residues of evaporated local rain and snow water, of tropical rain, and arctic snow and ice core samples. Results for filter-collected water solubles were not different. Dust and soot recovered from the precipitation water were also investigated.
When dry, the water solubles consist of small inorganic crystals, sticky brownish organics, and a sooty scum. The absorption coefficient of these substances has been calculated from the transmittance of potassium bromide disks prepared from powders that contain about 1% of the aerosol substances. Real-
The author is with Air Force Cambridge Research Laboratories, Bedford, Massachusetts 01730. Received 6 December 1971. izing that such disks have a polished surface, we prepared disks of pure aerosol substance for reflectance measurements and calculated the refractive index.
First, we will present typical spectra of the absorp- The observed spectral features are briefly related to possible chemical constituents, and optical constants of composite and wet aerosol are discussed. Finally, a simple model predicts the wavelength dependence of the extinction coefficient of aerosol particles, and transmittance of a powder of water soluble aerosol substance is shown.
Results

Absorption Index
The complex index of refraction necessary for Mie calculations is defined by m = n -in', where n is the refractive index and n' the absorption index. The absorption index is related to the bulk absorption coefficient K(g-cm 2 ) or Kp = K' (cm-') of the substance by
where p is the density (g cm- 3 ) of the substance. In our pellet transmittance measurements, only the mass of aerosol substance per beam area (g cm- 2 representative value. Two pellets of sooty dust from rainwater render p = 1.6 g cm- 3 as typical of such aerosol substance.
The absorption index of dust from precipitation, as shown in Fig. 1 shows a sharp band at 16.7 Mm in most continental samples, but usually not in maritime rain and arctic precipitation. Otherwise, major deviations from the spectra of Fig. 2 are rare. The absorption index of sea salt (Fig. 2) shows, apart from the lack of a band at 7 Am, generally the same spectral course as water solubles, but absolute values up to 15 Mm are mostly lower by more than a factor of 4. Due to absorption by NaCI, n' becomes larger than that of rain residues at about 30 ,m.
For reasons mentioned 7 we should point out the possibility that our absorption indices of water solubles could be somewhat too high, especially away from bands.
Refractive Index
Measurements of pellet reflectance from 2.5 Mm to 40 Am were made in the reflectance attachment to a Perkin-Elmer spectrometer model 521, at an angle of 15° from normal and in reference to an aluminum mirror.
Specular reflectance of a surface at normal incidence is related by
to the complex refractive index, m = n -in'. There-
or expanded in ascending powers of n'
We assume this to hold also for our condition of incidence 150 from normal. In our data, Eq. (2c), which corresponds to Eq. (2b) shows.
To save sample material, most measurements were made with KBr pellets, oiito which a layer of powdered aerosol substance (Ž20 mg cm-2 ) had been pressed.
Since the layer thickness was much larger than the extinction length (K-), radiation was absorbed before it reached the KBr substrate.
At a room humidity of zo 20%, the surface humidity of the beam heated pellet was very close to 0%,7, i.e., the surface of even hygroscopic samples (sea salt) was essentially dry. Measurements were generally made with freshly prepared pellets. Only reflectance of sea salt deteriorated seriously by exposure to humid conditions.
With the spectrometer chopper before the sample, it was difficult to establish beyond X20 um the pellet reflectance on the background of the emission of the warmed pellet. However, later measurement with a spectrometer having the chopper after the sample of the data, have been checked with pure KBr and NaCl pellets whose rear surface was blackened. Also, slight tilts of aerosol pellets and aluminum mirror reduced intensities to nearly the same degree; thus the reflection on the pellets did not unduly widen the beam. Furthermore, the pellet method itself has, in the case of (NH 4 ) 2 SO 4 , been checked by recording reflectance of a pellet as well as of two faces of a crystal. Reflectance was identical within -i0.2% except for small variations in band regions. Reflectance of NaCl pellets was found to conform to literature values of crystals. However, measurements on MgO indicate that this is not generally true. More investigations are in progress.
Results of the refractive index of dust, water soluble aerosol substance, and sea salt are shown in Figs. 3(a), (b), and (c). At first we omit discussion of data beyond 15 um. The dust sample y (light gray as powder, dark gray in the pressed state) was investigated in three forms. In samples -y' and K, the dust was not ground, in y" and y"' finely ground before pressing it onto KBr pellets. Layer thickness in y', and K was about 20 mg cm-2 , in y" twice as much. The differences in the curves of Figs. 3(a) and (b) from 2.5 m to 8 m cannot be sought in insufficient layer thickness because a metal mirror placed behind the pellets increased the reflectance by less than 1%. Also, any surface roughness would reduce the reflectance progressively as X decreases 8 which is obviously not generally the case. (Most samples were also found useful in the visual range.) The measured values must therefore be real, i.e., the differences might be related to peculiarities of the crystalline structure of the samples.
The variation of n of sample which contained more soot is similar but does not show the minima of some preparations of sample 'y at 6 m and 8 m. Indeed, sample y, which was collected from rainwater after what too high, a minimum value of n (with negative sign of the root) of 0.9 would be compatible with the low reflectance measured. However, even the nminimum of ammonium sulfate is not deeper.
Reflection spectra similar to those of sample B1 and B2, especially regarding the region from 7 m to 12 Am, have been obtained in three other samples (snow from Bedford, rain from Hawaii and Canal Zone).
As might be expected, the real part of the refractive index of sea salt as depicted in Fig. 3(d) is quite similar to that of NaCl except for a slight dispersion near 9 ,m by the small sulfate component ( 5% by mass) of sea salt. Apart from the 9 -M region, the refractive index might be considered constant, n 1.45.
We note that the real part of the refractive index of water as taken from a review of data 2 [also Fig. 3(d) ] is generally smaller than that of aerosol substances, notably from 9 m to 15 m, and free of strong dispersion.
The characteristics of the course of the refraction index of Fig. 3 from 15 m to 40 m so far have not been discussed. It is generally larger than below 15 Am for all investigated samples. In dust samples, the rise becomes noticeable at about 25 m and in water solubles-including sea salt-at 17 m. Water solubles of continental rain typically show-along with the absorption band-a refraction maximum at 17.6 m, which is very weak or even missing in most samples of maritime tropical rain and arctic precipitation. Sea salt shows also a sharp increase of n at about 16 m (and water at o 20 m). By contrast, the refractive index of NaCl starts to decrease in this spectral region and reaches n = 0.1 at 50 Aum.
Discussion
The dispersion of the refractive index of dust and especially of water soluble aerosol substances near 9
Mm are clearly related to the maxima of the absorption of the transmittance spectra from 2.5 Am to 15 Am of water solubles in the hope of extracting some information on their probable chemical composition. Some of the unexpected results 7 will be briefly sketched. The 7-Mm, 9-Mm, and 1 6 -gm bands of water solubles seem, at first glance, to belong to (NH 4 ) 2 SO 4 whose sharp extrema of n are indicated by arrows in Fig. 3(b) . Ammonium sulfate is known to be a major constituent of natural aerosol substance. However, a slight shift of n and n' to shorter X is indicated in sample M, and absorption bands are much wider than those of ammonium sulfate. Presence of CaSO 4 could explain the observed features, especially if a double band at 15.2 ,m and 16.8 Am (and bands at 6 M) is as evident as in this sample.
On more critical inspection, one notes shifts and changes in details from sample to sample of all absorption bands indicating variable chemical composition.
Moreover, the alcohol soluble fraction of the water solubles has strong bands near 2.8 Mm, 6 um, and 7 Am, which are missing in the nonalcohol soluble fraction. Inorganic salts are, therefore, a minor cause of these absorption bands in at least those samples that contain large amounts of the alcohol solubles. The latter have an amorphous appearance, are sticky when completely dry, and in rain and snow of the Bedford samples amount to up to 35% of water solubles. Being probably highly oxidized organics (hydrocarbons) with some inorganic groups, they may be responsible for the above mentioned bands hardly showing up in reflection. By contrast, the small amount of known benzene solubles 0 of dry water solubles has no significant influence on the spectrum of the latter.
Analysis of the bands of the inorganics proper (i.e., without the alcohol solubles) is-at least below 15
Mm-difficult since mixtures of pure salts cause bands of the components to flatten seriously. It appears that the bands near 17 Am, which were only recently investigated, are the only features in the spectra that discriminate continental (sulfate rich) precipitation from maritime rain and arctic snow. Sea salt seldom seems to dominate the far end of the spectrum of even maritime samples, i.e., its mass contribution must normally be below 20%. Furthermore, organics absorb in this region too. The above spectroscopic results on the general composition of aerosol substance have recently been fully supported by a few analyses for the dominant inorganic constituents.
Optical Constants of Composite and Wet Aerosol
For application of the presented data, the composition of an aerosol regarding the fractions of dust, soot, and water solubles (apart from the water content)
should be known. The composition might depend on many conditions such as geographical location, wind, turbulence, height, and particle size. Many larger than 10%, and in Bedford rain and snow samples the unsolubles typically amount to 20% of the total residues. Thus, if these fractions or the optical constants of the whole sample (i.e., by impactor collection) are known, weighted means of n and n' of the fractions could be used for calculations of radiative properties, or calculations could be made for each fraction separately so that appropriate size distributions could be considered, too.
Our data for dry aerosol substance will be valid up to very high relative humidities for aerosol particles and n = 0.096 as compared to nw = 1.28 and nw' = 0.04. We may mention that, in the case of (NH 4 ) 2 SO4, comparison by Eq. (3) of Remsberg's measurements on an aqueous solution and ours in the dry state yields generally good agreement. However, our absorption indices for (NH 4 )2SO 4 were in some instances considerably smaller than those calculated from Remsberg's data-contrary to our expectations.
Aerosol Scattering
Mie scattering calculations based on the reported data are in progress. Here we would like to demonstrate the basic relations of extinction, i.e., of scattering plus absorption, by dry aerosol particles having the optical properties of our water solubles, assuming that dust and soot fractions are negligible. been supplemented by the expected spectral variation of extinction of three particle sizes (r = 0.1 m, 1 m, and 10 m), assuming the well structured dispersion of n of sample B2 in Fig. 3(b) . The neglect of changes of the absorption index may not be essential. The experimental transmittance of an aerosol powder (Fig. 5 ) whose effective particle radius was about 15 AM follows closely the expectations. The powder was very dry water soluble aerosol substance, ground and sifted on a polyethylene film to give an average transmittance of 60%. The sample had an absorption spectrum similar to that of M, Fig. 3(b) , and therefore the dispersion was probably very pronounced. The extinction minimum near X = 8 m would be expected to be much deeper for particles with r 2-5
Am. Much smaller particles would, in the X range of consideration, only show a broad extinction maximum where n is highest. An extinction variation similar to that of the 1 -nm particles, i.e., an increase by a factor of about 3 from X8.2 Mm to 9 m, might be expected and has been confirmed (Volz, in preparation) for the size distribution of atmospheric aerosol. Extinction by water hazel shows a similar increase but at somewhat longer wavelengths, from 10 Am to 15 um.
Contrary to extinction, conversion of radiation to heat by absorption and emission will mainly be governed by the absorption coefficient AK with little influence by the refractive index. Deirmendjian has shown that the absorption by water haze is very close to the absorption of the same amount of water.
Conclusions
The presented optical constants of dry water solubles, dust, and soot from precipitation samples make it now possible to predict scattering and absorption in the ir by natural aerosol and to include realistic aerosol parameters in radiation models. Optical constants shown for sea salt seem not even applicable to tropical-maritime aerosol (possibly except for surf and sea spray conditions) as spectra of rain residues from such regions are indicating. Otherwise, the sample of water solubles showing the strongest dispersion near 9 m is probably also applicable to stratospheric sulfate aerosol. 
